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Generic machine identification and maximum
efficiency operation of induction machines
Julian Kullick† and Christoph M. Hackl‡
Abstract—This paper proposes an advanced machine
identification method for inverter fed squirrel-cage induc-
tion machines, based on steady-state measurements in
the rotor flux oriented dq-reference frame. The measured
machine maps are used to extract maximum efficiency
per torque (MEPT) look-up tables (LUTs), which guaran-
tee the maximum achievable efficiency in every operating
point. Furthermore, it is shown, that comparable results
can be achieved, even without a torque sensor. The main
advantage of the described method is its generality, which
implicitly covers magnetic saturation, iron losses and other
nonlinear effects that are typically neglected or approxi-
mated by complex models. Finally, the efficiencies of V/Hz
and field-oriented control (FOC) are calculated for different
speeds and load torques, allowing for quantitative assess-
ment and comparison of both methods.
Index Terms—Induction machine, flux map, machine
identification, efficiency, MEPT, MTPA, torque control, V/Hz
control, field-oriented control
I. INTRODUCTION
I nduction machines (IMs) are widely used in industry ap-plications, due to their low cost, robustness and good field-
weakening capabilities [1]–[3]. Variable speed operation of
IMs is typically realized by either scalar—e.g. V/Hz (V/f, U/f)
control—or vector control methods—e.g. field-oriented control
(FOC) or direct torque control (DTC). In open-loop V/Hz con-
trol, three-phase sinusoidal voltages with fixed amplitude-to-
frequency ratio are applied to the motor terminals. The applied
frequency determines the approximate mechanical speed of the
machine, depending on the acting load torque. However, due
to the absence of speed feedback, an error between the applied
frequency and the actual speed (slip speed) results from the
inherent properties of the IM. In spite of this, V/Hz control
represents a low cost and reliable speed-sensorless control
solution, which is sufficient in many industry applications,
where dynamic performance and accurate speed tracking are
not of highest priority [4]. In contrast, FOC provides superior
dynamic performance and accurate torque control [5]. By
directly regulating the magnetizing (d) and torque producing
(q) current components of the machine, the flux and torque
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can be set independently. The major drawback of FOC is
the required speed information, which is needed for the field
orientation. However, since for vector controlled machines
infinitely many combinations of d- and q-currents produce
the same torque, this degree of freedom may be exploited for
secondary objectives, such as efficiency optimization.
Maximum efficiency operation (also known as loss min-
imizing control) of induction machines has been subject to
extensive research in the past, with two main approaches
having emerged: (i) offline calculation of optimum controller
set points (e.g. [6], [7]), independent of the employed control
system, and (ii) search-based online techniques (e.g. [8]–[11]),
often directly incorporated into the control system.
As an extension to the classical maximum torque per ampere
control (MTPA) strategy, which minimizes the copper losses in
the stator windings and rotors bars, respectively, e.g. in [6], [8],
the maximum efficiency [or maximum efficiency per torque
(MEPT)] control strategy considers also the speed dependent
iron losses, which are more difficult to model and hence make
up the main part of the research activity.
As an example, Qu et al. derive a steady-state iron loss
model in [11], which is used for online calculation of the
optimum current references of a speed-sensorless PI current
control system. A similar model is used by Uddin and Nam
[10], who incorporate the loss model in a nonlinear back-
stepping controller. A more sophisticated model is used by
Pfingsten et al. [12], [13], who consider transient iron losses,
as well as harmonic losses. Moreover, a transient iron loss
model is used by Borisevich and Schullerus [14], who point
out the difference between energy losses calculated by steady-
state and transient models, respectively.
Another important aspect to consider, is the nonlinear flux
characteristic—due to magnetic saturation—and the resulting
nonlinear main inductance which affect the torque production
and, hence, the efficiency of the machine. Identification of
the flux and inductance curves is therefore an important task,
which has been treated e.g. by Wang et al. [15] and Odhano et
al. [7]. The latter use parameter identification over the whole
operation regime, with the results stored in LUTs and used for
calculation of the stator current set points. A similar approach
is used by Bojoi et al. [6], who, however, neglect iron losses
and focus on copper losses in both, stator and rotor.
In this paper, an experimental method of extracting the max-
imum efficiency current references for a given torque reference
[also known as maximum efficiency per torque (MEPT)] and
measured speed is presented. Moreover, the acquired machine
maps allow for detailed analysis of the machine characteristics.
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The proposed method does not require an explicit iron loss
model (as opposed to Odhano et al.) and implicitly covers the
effect of magnetic saturation. The nonlinear flux and efficiency
maps in the estimated dq-reference frame are shown and
analyzed. Moreover, the extracted MEPT strategy is compared
to other methods, such as constant flux (CF) and maximum
torque per ampere (MTPA) control, revealing that an often
neglected advantage of vector control over scalar control
is its superior efficiency, even for standard CF control. To
the best knowledge of the authors, a quantitative efficiency
assessment of the aforementioned control methods (including
V/Hz control) has not been published before.
II. MACHINE MODEL AND FIELD-ORIENTED CONTROL
In this section the generic electromechanical model of the
squirrel-cage induction machine (SCIM) is stated and the FOC
based torque control system is discussed (see Fig. 1).
A. Machine model in arbitrarily rotating coordinates
The generic SCIM model in the rotating dq-reference
frame—rotating at angular velocity ωk ∈ R, with (Park)
transformation angle φk ∈ [0, np2pi) and number of pole pairs
np ∈ R—is given by the following set of equations (argument
t dropped for the sake of brevity)
udqs = Rsi
dq
s +
d
dtψ
dq
s + ωkJψ
dq
s ,
02 = Rri
dq
r +
d
dtψ
dq
r + (ωk − ωr)Jψdqr ,
Θm
d
dtωm = me +mf +ml,
d
dtφk = ωk,
 (1)
with stator voltage udqs ∈ R2, stator and rotor currents
idqs , i
dq
r ∈ R2, stator and rotor flux linkages ψdqs ,ψdqr > ∈ R2,
stator and rotor resistances Rs, Rr > 0, electrical rotor speed
ωr = npωm ∈ R, mechanical rotor speed ωm ∈ R and rotation
matrix J :=
[
0 −1
1 0
]
. Moreover, Θm > 0 is the total moment of
inertia, and me, mf and ml ∈ R denote the machine, friction
and load torque, respectively. Furthermore, the torque acting
on the rotor is given by
me = −3
2
npi
dq
r
>
Jψdqr︸ ︷︷ ︸
†
=
3
2
npi
dq
s
>
Jψdqs −mc︸ ︷︷ ︸
‡
, (2)
where mc ∈ R is a core loss related torque term (the effect of
torque detuning due to core losses was thoroughly investigated
by Levi et al. in [16]). Its value and the equivalence of the
torque expressions † and ‡ result from the power equilibrium
(as will be shown in Sec. III-C3).
B. Field-oriented control of induction machines
Rotor flux orientation is used, which allows for an (almost)
decoupled control of the rotor flux linkage and machine torque,
respectively. An overview of the employed control system is
depicted in Fig. 1.
1) Rotor flux estimation (RFE in Fig. 1): Since the rotor
flux linkage cannot be measured directly, it needs to be esti-
mated instead. If—hypothetically—ideal rotor flux orientation
was given, the total rotor flux linkage would be concentrated
in its d-component, i.e.
ψdqr =
(
ψdr
ψqr
)
=
(
ψdr
0
)
(3)
would hold. By further assuming linear flux linkage models
ψdqs = Lsi
dq
s + Lmi
dq
r and ψ
dq
r = Lmi
dq
s + Lri
dq
r , with
stator and rotor self inductances Ls = Lm + Lsσ > 0 and
Lr = Lm + Lrσ > 0 and leakage inductances Lsσ > 0 and
Lrσ > 0, respectively, the estimator dynamics are obtained by
rearranging the rotor d-voltage equation in (1), i.e.
d
dt ψˆ
d
r =
Lm
Lr
ids − 1Tr ψˆdr , (4)
where ψˆdr ∈ R denotes the estimated rotor flux linkage and
Tr =
Lr
Rr
> 0 is the rotor time constant. Moreover, since
d
dtψ
q
r = 0 ideally holds, evaluating the rotor q-voltage yields
ωk = ωr +
Lm
Lr
Rr
iqs
ψˆdr
, (5)
which is valid for all ψˆdr 6= 0. The resulting (Park) transfor-
mation angle φk =
∫
ωkdt aligns the dq-reference frame with
the estimated rotor flux linkage ψˆdr .
Remark 1. Note that magnetic saturation (i.e. varying Lm
and Lr) and parameter uncertainties (e.g. the temperature
dependent rotor resistance Rr) lead to an angle mismatch
between the actual and estimated rotor flux angle, which
results in the coupling of the flux and torque producing current
components. However, with the proposed estimation scheme it
is possible to define unique operating points (combinations of
ids and i
q
s ) that are reproducible and, thus, may serve as base
vectors for efficiency or flux linkage LUTs.
2) Current PI-controllers with anti-windup and feed-
forward compensation (FFC in Fig. 1): The control law
udq?s = u
dq?
s,pi +u
dq?
s,ff ∈ R2 comprises two parts, namely (i) the
PI-controller udq?s,pi ∈ R2 and (ii) the feed-forward controller
udq?s,ff ∈ R2 (see e.g. [17], [18]). The PI-controller is given by
udq?s,pi = Kpe
dq
is
+Kiξ
dq
i ,
d
dtξ
dq
i = fuˆ(‖udq?s ‖)edqis ,
}
(6)
with proportional and integral gains Kp ∈ R and Ki ∈ R
(identical for both current components), tracking error edqis :=
idq?s − idqs ∈ R2, integrator output ξdqi ∈ R2 and anti-windup
decision function fuˆ(·) as defined in (9). The feed-forward part
cancels out the back electromotive force (BEMF) terms, thus
improving the dynamic response of the system. The BEMF
terms can be compensated by chosing
udq?s,ff = ωkσLsJi
dq
s +
Lm
Lr
(ωrJ − 1Tr I2)ψˆdqr . (7)
Naturally, the output voltage of the inverter is limited by the
employed modulation strategy and the DC-link voltage udc,
e.g. using space-vector modulation (SVM) the voltage limit is
CONTROL SYSTEM
Kp Ki
Kp Ki
ud?s,pi
uq?s,pi
Torque
Control
(LUTs)
id
?
s
iq
?
s
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dq?
s dq
abc
udq?s,sat
System
(Fig. 3)
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fuˆ(·) udc
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ωˆk
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iabcsidqs
ids
−
iqs
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Figure 1: Overview of the field-oriented control system.
given by uˆ(udc) = udc√3 . As to prevent exceeding this limit the
voltage command is constrained by
udq?s,sat =
{
udq?s , ‖udq?s ‖ ≤ uˆ(udc),
udq?s · uˆ‖udq?s ‖ , else.
(8)
before it is passed on to the modulator. Finally, using condi-
tional integration, a simple anti-windup decision function can
be defined as
fuˆ : R≥0 → {0, 1}, fuˆ :=
{
1, ‖udq?s ‖ ≤ uˆ(udc),
0, else. (9)
C. Torque (feed-forward) control
The torque controller maps the torque reference m?e to the
stator current references idq?s by means of LUTs (see Fig. 1)
obtained from the machine identification process described
in Sec. III. The different torque control strategies are further
elaborated in Sec. IV.
III. MACHINE IDENTIFICATION
The extraction of the exact MEPT curves requires machine
identification, which goes beyond the standard no-load and
locked-rotor tests. Assuming basic parameter knowledge and
the control system implemented as described in the previous
section, the advanced identification can be conducted as de-
scribed in the following. The chart in Fig. 2 shows the machine
identification process.
A. Setup description
The components of the measurement setup are depicted
in Fig. 3: A two-level voltage source inverter (VSI) with
(measured) DC voltage input udc > 0 is connected to a star-
connected three-phase SCIM. The stator voltages uabcs ∈ R3
Basic identification
Perform locked-rotor
& no-load tests
(see e.g. [19])
Controller setup
Implement control
system on DSP
(see Sec. II-B)
Measurement
Sweep through grid
and record data
(see Sec. III-B)
Data extraction
Create machine maps
from processed data
(see Sec. III-C)
LUT generation
Generate LUTs from
extracted data maps
(see Sec. III-D)
MEPT operation
Run machine at
maximum efficiency
using MEPT LUTs
Figure 2: Generic machine identification process chart.
are obtained from the inverter reference voltages and by
assuming an inverter delay of one sampling period (regular
sampled, symmetric PWM), whereas the stator currents iabcs ∈
R3 are measured directly. The control system is implemented
on a dSPACE real-time system, running at a fixed sampling
frequency of 4 kHz and providing the space-vector modulated
gate signals to the inverter. The machine is rotating at angular
velocity ωm 6= 0 (measured), while the electrical frequency
ωk is load dependent. The machine torque me (measured),
acts against the load torque ml ∈ R and the frictional torque
mf ∈ R. Moreover, the load torque is produced by the load
machine, which is speed controlled, thus keeping the angular
velocity ωm at a constant reference value and allowing for
torque variations of the IM. The respective system parameters
(as given in the datasheet) are listed in Table I.
B. Measurement methodology
Since the load machine is speed controlled, the IM currents
can be set arbitrarily without accelerating the rotor. The
fundamental idea is that each combination of stator currents
(ids , i
q
s ) represents a reproducable and unique operating point,
and, hence, the objective is to gather machine information for
each pair of currents within the feasible range, i.e. (ids , i
q
s ) ∈
A B C
D
E
F
3∼
line
ethernet
PW
M
/ A
DC
Figure 3: Overview of the test setup comprising (A) induction
machine, (B) torque sensor, (C) load machine, (D) inverter,
(E) real-time system and (F) host PC.
Table I: Parameters of the test setup
Parameter Variable Value Unit
V
SI DC-link voltage udc 580 V
Switching frequency fS 4000 Hz
In
du
ct
io
n
m
ac
hi
ne
Rated speed ωm,N 298.4 rad s−1
Rated torque me,N 10.05 N m
Rated voltage (amplitude) uˆs,N 327 V
Rated current (amplitude) iˆs,N 8.1 A
Rated flux (amplitude) ψˆr,N 1.2 Wb
Number of pole pairs np 1
Stator resistance Rs 2.3 Ω
Rotor resistance Rr 1.55 Ω
Main inductance Lm 340× 10−3 H
Stator leakage inductance Lsσ 16.5× 10−3 H
Rotor leakage inductance Lrσ 16.5× 10−3 H
Moment of inertia Θm 9.56× 10−3 kg m2
PI
P-gain Kp 0.8 Ω
I-gain Ki 136 Ω s−1
Is = {(ids , iqs ) | ids 2 + iqs 2 ≤ i2s,N}. This is achieved by sampling
the current plane on a regular grid and sweeping through each
grid point, whilst recording measured and estimated data, such
as stator voltages, currents, rotor flux linkages, speeds and
angles. In order to avoid redundancy in the measurements, only
the positive d-axis is covered. Moreover, while a minimum
amount of excitation current ids,min ∈ R is required for the
rotor flux orientation to operate properly, magnetic saturation
sets in for high values of ids , which motivates for an upper
limit of half the rated current, i.e. ids ∈ [ids,min, 12 is,N]. In turn,
the q-current is varied from negative rated to positive rated
current, i.e. iqs ∈ [−is,N, is,N]. Now, the grid vectors can be
defined over the given intervals as
i¯ds = (¯i
d
s [1] = i
d
s,min, . . . , i¯
d
s [j], . . . , i¯
d
s [m] =
1
2 is,N),
i¯qs = (¯i
q
s [1] = −is,N, . . . , i¯qs [k], . . . , i¯qs [n] = is,N),
for 1 ≤ j ≤ m and 1 ≤ k ≤ n.. The numbers of sampling
points m,n ∈ N per current component define the grid size
(m × n) and should be a trade-off between accuracy and
Start rec.
j = 1, k = 1
d = 1
Set d-ref.
id
?
s = i¯
d
s [j]
Set q-ref.
i
q?
s = i¯
q
s [k]
hold 2 s
(recording)
k < n &
k > 1 ?
j < m ?
k = k + d
j = j + 1
d = −d
Stop rec.Init / Idle(set speed)
yes
no
yes
no
Figure 4: Flow chart of the measurement procedure.
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Figure 5: Illustration of the current reference sweeping.
measurement effort. Note that the grid corners are located
outside of Is and, hence, the stator currents exceed the rated
value.
The measurement procedure is shown in Fig. 4: Initially,
the speed command for the load machine is set to a constant
value. Once the recording is started, the current grid is swept
through with an idle time of e.g. 2 s at each operating point,
allowing for the system to reach steady-state. Upon changes in
id
?
s , the direction of i
q?
s is reversed, which avoids large torque
jumps. When the whole grid has been covered, the recording is
stopped. The current reference sweeping is further illustrated
in Fig. 5. Since the machine speed influences the efficiency
of the machine, the measurements are repeated for different
speeds, which constitutes an additional dimension in the LUTs.
C. Extraction of dq-machine maps
The extraction of the machine characteristics described
in the following is based on a steady-state evaluation of
the recorded measurement data. In steady-state, the time-
derivatives in (1) become zero and the equivalent circuit shown
in Fig. 6 holds. Prior to the data extraction, the measurement
data has been postprocessed by (i) digital lowpass filtering
with filter time constant Tf = 25 ms, (ii) cropping off the
transient part of each sampling window and (iii) calculating
the mean value of the remaining data points for each window.
Moreover, since the measurement was conducted for two
quadrants only, symmetry properties (see e.g. [18]) have been
exploited as to expand the data over all four quadrants. Finally,
the 3D data maps have been smoothed using the loess curve
fitting method in MATLAB R2018a.
1) Flux linkage maps: The stator flux linkage ψdqs = ψ
dq
sσ+
ψdqm , which is the sum of the stator leakage flux ψ
dq
sσ ∈ R2
idqs
Rs ωkJψ
dq
sσ ωkJψ
dq
rσ Rr idqr
ωrJψ
dq
rRc
idqc
ωkJψ
dq
m
idqm
udqs
Figure 6: Steady-state T-equivalent circuit of the squirrel-cage
induction machine (see e.g. [16]).
and air gap flux ψdqm ∈ R2, is obtained from the steady-state
stator voltage equation in (1) by solving for ψdqs , i.e.
ψdqs
(1)
= 1ωkJ
−1 (udqs −Rsidqs ) . (10)
Remark 2. It should be noted that the stator resistance is
temperature dependent. If the machine is heated up before
the identification process, an approximate resistance value can
be obtained from the measurement data: For zero torque, the
stator flux linkage is aligned with the rotor flux linkage, hence
giving ψqs = 0 Wb and Rs ≈ u
d
s
ids
∣∣∣
iqs=0
.
The resulting flux maps are shown in Fig. 7. It can be seen in
the d-stator flux linkage component (see Fig. 7a), that already
for low values of ids (around i
d
s = 0.3 p u ), the flux linkage
saturates almost completely. Moreover, it can be observed in
the q-component (see Fig. 7b), that in close vicinity of zero
excitation (around ids = 0 p u ), ψ
q
s is almost zero, because
the rotor flux linkage is in line with the stator flux linkage.
Only for higher loads, there is an angle difference between
the rotor and stator flux linkages, which causes a significant
q-component of the stator flux linkage.
Likewise, the rotor flux linkage ψdqr = ψ
dq
rσ + ψ
dq
m , with
rotor leakage flux linkage ψdqrσ ∈ R2, is calculated from the
steady-state rotor voltage equation in (1) as
ψdqr
(1)
= − Rr(ωk−ωr)J−1idqr . (11)
Since the rotor currents cannot be measured directly in a
SCIM, the determination of ψdqr is not straightforward. How-
ever, multiplying both sides from the left with ψdqr
> yields
‖ψdqr ‖2 = − Rrωk−ωrψdqr
>
J−1idqr , (12)
which is proportional to the machine torque [see (2), † term].
Taking the square root and inserting (2) finally gives
‖ψdqr ‖ (2)=
√
Rr
ωk−ωr
2
3np
me. (13)
Owing to (3), the q-component of the rotor flux is zero.
Remark 3. Note that (13) depends on the temperature de-
pendent rotor resistance Rr and should be adapted together
with Rs (see Remark 2). Moreover, (13) is not defined for zero
torque (i.e. ωk−ωr = 0) and, hence, interpolation is required
in the respective range. Since the square root yields positive
values only, it is furthermore necessary to exploit the symmetry
properties of the rotor flux linkage (see e.g. [18]).
The resulting rotor flux map is shown in Fig. 7c, showing
the magnitude of the rotor flux linkage ψdqr . Similar to the
stator d-component, the effect of magnetic saturation can be
clearly observed in d-direction. Moreover, a slight variation
is observed in q-direction, which is due to magnetic coupling
between the two axes.
2) Machine torque map: Since the rotor current and flux
linkage cannot be measured, the machine torque has to be
either measured using a torque sensor, or approximated by (2)
[‡ term], assuming mc = 0. The measured torque mm ∈ R
includes mechanical losses (e.g. friction), though, which can
be eliminated: The speed-dependent friction torque mf is equal
to the measured torque for reference currents (ids,min, 0), as
the machine torque should be very close to zero at this point.
Hence, calculating me = mm−mf gives the machine torque.
Alternatively, the machine torque can be approximated using
the measured stator currents and calculated stator flux linkage,
i.e. mˆe = 32npi
dq
s
>
Jψdqr . Apart from neglecting iron losses,
the downside of the reconstruction is its dependency on the
stator resistance and the stator voltage estimate, which are
required for the flux linkage calculation (see Remark 2). The
torque difference ∆me = mˆe − me is shown in Fig. 8.
Moreover, the first quadrant of the measured torque map,
together with the trajectories of the different torque control
strategies (more details given in Sec. III-D) is shown in Fig. 9a.
3) Efficiency map: The steady-state T-equivalent circuit of
the SCIM considering core losses is depicted in Fig. 6. The
(variable) core loss resistance Rc > 0 is driven by the current
idqc ∈ R2. Moreover, the magnetizing current idqm ∈ R2
runs through the branch parallel to the core resistance. In the
following (using amplitude correct Clarke transformation) let
pe =
3
2i
dq
s
>
udqs , pm = meωm, pl = pcu,s + pcu,r + pfe (14)
be the electrical power (pe) at the machine terminals, the
mechanical power (pm) transmitted via the shaft and the sum
of losses (pl) with stator copper losses pcu,s > 0, rotor
copper losses pcu,r and iron losses pfe, respectively. The power
equilibrium requires that the (active) electrical power at the
machine terminals is equal to the sum of all active power
terms in the circuit, i.e.
pe = pl +
3
2ωki
dq
s
>
Jψdqs +
3
2ωki
dq
r
>
Jψdqr
− 32ωkidqc
>
Jψdqm + pm.
(15)
Since pe = pl + pm, it can be concluded, that the following
must hold for the residual power terms
− 32ωkidqr
>
Jψdqr =
3
2ωki
dq
s
>
Jψdqs − 32ωkidqc
>
Jψdqm . (16)
Multiplication by np/ωk gives the torque equivalence (2), with
mc =
3
2npi
dq
c
>
Jψdqm . (17)
If pe ≥ 0 (per definition, passive sign convention), the
machine operates in motor mode, while for pe < 0 it operates
as a generator. Hence, the efficiency is defined as
η :=
{ pm
pe
, for pe ≥ 0
pe
pm
, for pe < 0.
(18)
Note that the efficiency assesses the electromagnetic conver-
sion process in the machine, whereas friction and mechanical
Is
(a)
Is
(b)
Is
(c)
Figure 7: Flux linkage maps in the estimated rotor flux oriented dq-reference frame for constant speed ωm = 150 rad s−1: (a)
stator d-component, (b) stator q-component and (c) rotor d-component.
Is
Figure 8: Torque difference ∆me between measured and
reconstructed torque for constant speed ωm = 150 rad s−1.
losses are not considered. The first quadrant of the efficiency
map is shown in Fig. 9b.
The electrical power losses of the machine are found in
the resistive components, i.e. (i) the stator resistance Rs, (ii)
the rotor resistance Rr and (iii) the core resistance Rc. Note
that the mentioned resistances are temperature dependent (see
Remark 2), and, thus, losses vary with the temperature as well.
The ohmic losses in the stator are given by
pcu,s =
3
2Rsi
dq
s
>
idqs . (19)
The rotor ohmic losses can be calculated by replacing ψdqr
in (2) by (11), i.e.
me =
3
2np
Rr
ωk−ωr i
dq
r
>
idqr , (20)
which can then be used to express the rotor losses as
pcu,r =
3
2Rri
dq
r
>
idqr =
1
np
(ωk − ωr)me. (21)
Remark 4. Note that neither the rotor currents idqr , nor
the rotor resistance Rr show up in the power loss term,
which makes the calculation less error prone and, hence,
more reliable and accurate, supposed that the stator resistance
required for the flux calculation is determined correctly.
Lastly, the core losses are obtained by inserting the previous
results into (14) with pe = pm + pl, i.e.
pfe =
3
2i
dq
c
>
idqc = pe − pm − pcu,s − pcu,r. (22)
4) V/Hz map: The recorded data further allows for calcu-
lating a V/Hz ratio map, which would typically be difficult to
measure for a constant speed, due to the effect of slip. Since
constant speed is assured by the load machine here, the V/Hz
ratio, in the following denoted by ξ ∈ R, is calculated by
ξ :=
(
2pi
√
uds
2
+ uqs
2
)
/ωk. (23)
D. Look-up table generation
Since the mapping of the machine torque me to the stator
currents idqs is ambiguous, different torque control strategies
may be applied, producing equal torque output, while being
subject to either an equality constraint or an optimization
problem (see e.g. [20]). The general procedure for the LUT
generation is to (i) calculate torque contour lines for reference
torque values m?e ∈ [−me,N,me,N], (ii) use the resulting d-
and q-currents for looking up the secondary variable from the
respective map (e.g. η or ξ) and (iii) evaluate the equality
constraint or the optimization problem on those values. The
best match is selected and the corresponding id
?
s and i
q?
s
are stored in the LUTs LM
id?s
and LM
iq
?
s
(with superscript ’M’
being replaced by the respective torque strategy). Repeating
this procedure for machine maps of different speeds, finally
produces the 2D LUTs LM
id?s
(m?e , ωm) and LMiq?s (m
?
e , ωm). In
the following, the most common torque control strategies, as
well as the proposed MEPT strategy are briefly introduced.
The calculated LUTs are shown in Fig. 10.
1) Constant V/Hz (M=VHz): In the open-loop V/Hz control
strategy, the excitation of the machine is kept constant (equal-
ity constraint), while the torque varies with the slip. Given a
constant V/Hz ratio, the corresponding LUTs LVHz
id?s
(m?e , ωm)
and LVHz
iq
?
s
(m?e , ωm) can be obtained (see Fig. 10a & 10b).
Typically, the nameplate of the machine indicates the rated
voltage and frequency, e.g. for rated voltage 400 V (RMS, line-
to-line) and frequency 50 Hz, the rated ratio is ξN = 6.53 V s.
It can be shown that, using a different ξ, a better (optimized)
result in terms of efficiency can be obtained for rated torque
(see Fig. 12). It should be noted that if ξ > ξN the machine
cannot reach rated speed under full load.
2) Constant flux (M=CF): In the range below rated speed,
the constant flux (CF) strategy prescribes a constant excitation
current reference id
?
s = const. (often chosen as the no-load
current at rated speed), whereas iq
?
s is used to control the
machine torque. The corresponding LUTs LCF
id?s
(m?e , ωm) and
LCF
iq
?
s
(m?e , ωm) (Figs. 10c & 10d) are obtained by evaluating
the equality constraint for id
?
s .
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Figure 9: First quadrant machine maps in the rotor flux oriented dq-reference frame for constant speed ωm = 150 rad s−1: (a)
torque, (b) efficiency and (c) voltage over frequency (V/Hz) ratio.
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Figure 10: Recorded current reference look-up tables (motor mode) for different control strategies.
3) Maximum torque per current / ampere (M=MTPC):
In order to minimize the ohmic losses of the machine (in
fact, only in the stator resistance Rs), MTPC control may
be preferred over CF control. Here, evaluating the optimiza-
tion problem of a minimum stator current magnitude for a
given torque reference yields the LUTs LMTPC
id?s
(me, ωm) and
LMTPC
iq
?
s
(m?e , ωm) (see Figs. 10e & 10f).
4) Maximum efficiency per torque (MEPT): As an exten-
sion to MTPC, the MEPT control strategy not only reduces
stator losses, but also rotor and iron losses. For the LUT
generation, the optimization goal of maximizing the efficiency
is evaluated. Since the resulting sample data does not run
on a smooth curve, fitting the raw data to the function
id
?
s = a · arctan (b ·m?e) (with fitting parameters a and b)
improves the results. The fitted curves are stored in the LUTs
LMEPT
id?s
(m?e , ωm) and LMEPTiq?s (m
?
e , ωm) (see Figs. 10g & 10h).
IV. DISCUSSION OF RESULTS AND EFFICIENCY ANALYSIS
The measured efficiencies of the introduced torque control
strategies can now be compared for different speeds and torque
values. Fig. 11 shows 2D contour plots of the machine effi-
ciency for first quadrant operation. Additionally, the respective
torque control strategy trajectories are plotted over the contour
plots. Each plot shows results for one specific mechanical
speed value, which is kept constant by the load machine. The
MEPT and MTPC trajectories are shown for both, measured
torque (argument me) and estimated torque (argument mˆe),
while for the respective MEPT curves also the sample data
points used in the curve fitting are plotted as x’s.
It is first observed that the efficiency increases with
the speed, which is expected for IMs. However, while the
MEPT(me) and MEPT(mˆe) trajectories drift apart for in-
creasing speeds, the opposite is the case for the respective
MTPC(me) and MTPC(mˆe). More specifically, the MEPT(mˆe)
curve is almost independent of the speed, whereas both MTPC
curves and the MTPC(me) curve move to the left. This is
easily explained by the fact that the speed dependent core
losses are not considered in the efficiency calculation. Inter-
estingly, for the MTPC case, the effect seems to be covered
implicitly, although the estimated torque differs from the actual
torque. As a consequence, MTPC(mˆe) might be the better
option if no torque sensor is available. Only for very high
speeds (ωm > 0.9 p.u.), a difference between MTPC(mˆe) and
MEPT(me) becomes visible.
Fig. 12 shows the efficiencies of the different control
strategies plotted versus the machine torque for different
mechanical speeds. The previous observation of the efficiency
increasing for higher speeds is confirmed here. Naturally, the
MEPT(me) curve marks the upper limit for all curves, while
the difference between the FOC strategies is comparably low
for me > 0.5 p.u.. It can be observed that the efficiency
difference between the estimated and measured torque MEPT
and MTPC curves is almost not visible. For lower loads,
constant flux (CF) operation becomes significantly worse than
MEPT and MTPC. Another interesting observation is that FOC
seems to be particularly beneficial for lower speeds, since here
the efficiency difference between standard V/Hz control and
FOC is significant (∆η > 7% for rated torque), regardless of
the FOC control strategy. Conversely, with increasing speed,
the V/Hz trajectory approaches the MEPT and MTPC curves,
e.g. for ωm = 0.9 p.u., the efficiency difference is only about
1.3%. Depending on the choice of the V/Hz ratio, there is
either a high performance drop for lower (optimized), or for
higher loads (standard); optimizing the V/Hz ratio for the
whole operation range is not possible, though.
Lastly, Fig. 10 shows the reference current LUTs for the
different control strategies. While iq
?
s does not vary with ωm
and is almost linear in m?e for all strategies except for V/Hz
control, differences are found mainly in the id
?
s LUTs: For
V/Hz control an almost constant id
?
s can be observed (since
the excitation is supposed to be constant), for CF control id
?
s
is perfectly constant, and for MTPC and MEPT control a
nonlinear relation in m?e and ωm direction, is observed.
V. CONCLUSION
An experimental machine identification method, which is
based on generic machine equations and steady-state mea-
surements, has been presented. The nonlinear machine maps
cover the relevant dq-operation range and are obtained with-
out explicit modeling of nonlinear effects, such as magnetic
saturation or iron losses. The inferred MEPT control strategy
guarantees operation at the maximum achievable efficiency.
Furthermore, different torque control strategies have been
assessed in terms of efficiency, showing that FOC outperforms
V/Hz control in the low-speed range, whereas the difference
becomes smaller for higher speeds. It was shown that by
chosing a different V/Hz ratio than the rated one, the efficiency
curve can be shifted such that better performance is achieved
for rated conditions. Unless compensated for, the drawback
of speed variations due to slip still persists for V/Hz control,
though. Furthermore, it was shown that the MEPT and MTPC
curves are both speed-dependent, and that MTPC is the
preferred option if no torque sensor is available, since the
resulting trajectory matches well with the actual MEPT curve.
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Figure 11: Efficiency contour plots (first quadrant): Comparison of the torque control strategies for different speeds.
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Figure 12: Efficiency over load torque: Comparison of the different torque control strategies for different speeds.
